INTRODUCTION
Receptor-stimulated PtdInsP, hydrolysis is a ubiquitous signal transduction mechanism which generates the intracellular second messengers diacylglycerol and Ins(1,4,5)P3 (Hirasawa & Nishizuka, 1985; Berridge & Irvine, 1989) . Cells appear to contain a finite hormone-sensitive pool of inositol phospholipids (see below), the replenishment of which during continued hormonal stimulation requires efficient recycling of diacylglycerol and the inositol moiety of Ins(1,4,5)P3. These recycling reactions culminate in the combination of CMP-phosphatidate and inositol to give Ptdlns, a reaction catalysed by CMP-phosphatidate: inositol phosphatidyltransferase (Ptdlns synthase; reviewed by Downes & Michell, 1985) . Recycling of the inositol moiety of Ins(1,4,5)P3 is blocked by lithium ions at the level of inositol polyphosphate 1-phosphomonoesterase and inositol monophosphate phosphomonoesterase (Hallcher & Sherman, 1980; Majerus et al., 1988) , an effect which may underlie the drug's therapeutic utility in the treatment of manic depressive psychoses . Moreover, since agonists which stimulate PtdInsP2 hydrolysis enhance the rate of incorporation of [32P]P1 or [3H] inositol into cellular PtdIns (even when the specific radioactivity of phosphatidate, from which Ptdlns obtains its phosphodiester phosphate, is not changing ; Weiss et al., 1982) , it is evident that PtdIns synthase activity is increased during stimulation (Downes & Michell, 1985) . Neither the mechanism nor the function of the receptor-mediated stimulation of PtdIns synthase is currently understood, although Imai & Gershengorn (1989) suggested that it may be due to relief of product inhibition by PtdIns.
Although it is self-evident that hormone-stimulated PtdInsP2 hydrolysis is initiated in the plasma membranes of cells, whether the complete inositol phospholipid metabolic cycle takes place in a single membrane compartment is currently a matter of debate. Metabolic turnover studies providing evidence both for and against the existence of a discrete hormone-sensitive pool of inositol phospholipids have been reported (Monaco, 1982 (Monaco, , 1987 Michell et al., 1988) , and the well-documented occurrence of a PtdIns transfer protein could facilitate rapid equilibration of this lipid species between subcellular compartments (Van Paridon et al., 1987) . In an attempt to resolve these issues, Gershengorn and his colleagues have sought and characterized a Ptdlns syn- Vol. 275 thase activity in membrane fractions enriched in plasma membranes of GH3 pituitary cells (Imai & Gershengorn, 1987; Cubitt & Gershengorn, 1989) . The putative plasma membrane Ptdlns synthase could be distinguished on kinetic grounds from the endoplasmic reticulum enzyme, having a lower Km for inositol. If substantiated in a variety of cell types, this observation would provide compelling evidence in favour of concerted recycling of a hormone-sensitive pool of inositol phospholipids within the plasma membrane. Such a possibility is also suggested by the accumulation of both CMP-phosphatidate synthase and Ptdlns synthase in post-Golgi apparatus secretory vesicles destined for the plasma membranes of the yeast Saccharomyces cerevisiae (Kinney & Carmaan, 1990) .
Our observations that turkey erythrocytes, by contrast with erythrocytes obtained from mammalian species, incorporate large amounts of [3H]inositol into Ptdlns (Harden et al., 1988) prompted the present study to Turkey erythrocyte ghosts were prepared by hypo-osmotic lysis and washing exactly as described previously (Harden et al., 1988 (Godfrey, 1989 
RESULTS
When turkey erythrocyte ghosts were incubated with 0.1mIim-[3H]inositol and 1 mM-MgCl2 under the conditions defined above, the radiolabel was rapidly incorporated into membrane phospholipid. T.l.c. analysis indicated that the label was incorporated specifically into Ptdlns. As shown in Fig. 1 The divalent cation requirements of the CMP-dependent and -independent reactions were assessed (Fig. 2 The different divalent cation requirements for the CMPdependent and -independent reactions noted above were the first indication that these processes may be catalysed by distinct enzymes in turkey erythrocyte ghosts, rather than simply reflecting the enhancement by CMP of a single enzyme activity. Preliminary experiments also revealed markedly different inositol requirements for the two processes when the assays were carried out under identical conditions. Evidence will be presented below which indicates that the CMP-dependent incorporation of [3H]inositol represents an exchange reaction catalysed by PtdIns synthase, whereas the nucleotide-independent reaction appears to be catalysed by a PtdIns/inositol exchange activity. Henceforth these processes will be referred to as PtdIns synthase and exchange reactions respectively.
The inositol requirements of the synthase and exchange reactions are shown in Figs. 3(a) and 3(b) . In order to optimize their respective rates the synthase assay contained 5 mM-MgCl2 and 1 mM-CMP, whereas the exchange assay contained 5 mMMnCI2. Both reactions showed typical saturation kinetics, thus allowing Vm.. and Km values to be determined from the Eadie-Hofstee plots (Fig. 3) . The synthase, with a Vmax of 371 pmol min-' mg-' and a Km of 0.30+0.05 mm (n = 5), is a relatively low-affinity high-capacity system, whereas the exchange mechanism has a high affinity for inositol (Km = 0.012+0.0015 mM) but a low capacity (Vm.ax = 6.5 pmol * min-' mg-). (4) 371 (7) 500 (5) 0.012 (7) 6.5 (7) 10 ( (Fig. 5) .
In view of the occurrence of multiple metabolically segregated pools of inositol phospholipids, even in anatomically simple human erythrocyte membranes (King et al., 1987) , it was important to investigate the relationship between the lipid pools labelled by the synthase and exchange reactions. Time courses similar to those illustrated in Fig. 1 , but carried out under approximately optimal conditions for the synthase and exchange reactions respectively (results not shown), revealed that the synthase reaction appears to equilibrate after about 10 min, when approx. 5 nmol of inositol had been incorporated. The exchange reaction is much slower and does not equilibrate, even after 60 min, after which time only about 0.8 nmol of inositol had been incorporated. The data are compatible with the possibility that each enzyme labels the same pool of inositol lipids, but at very different rates. This was confirmed by first labelling membrane Ptdlns under exchange conditions followed by the addition of an excess of unlabelled inositol to act as a chase. The radiolabel was chased from endogenous membrane PtdIns only slowly if exchange conditions were maintained, but the rate of chase was dramatically increased if 1 mM-CMP was added together with the unlabelled inositol (Fig. 6) . As the combination of CMP and unlabelled inositol rapidly chased > 90 % of the label from Ptdlns, it follows that essentially all of the Ptdlns labelled by the exchange reaction is accessed by PtdIns synthase. Whether PtdIns synthase has access to a larger pool of PtdIns than the exchange enzyme cannot be determined from this experiment.
DISCUSSION
The incorporation of inositol into Ptdlns by exchange of free and lipid-bound inositol moieties has been described for a number of tissues (Berry et al., 1983) . At least two types of Mg2+/Mn2+-dependent enzymes appear to be responsible for catalysing these exchange reactions. One is nucleotide-independent and its function is unknown (Takenawa et al., 1987) . The other is CMPdependent and appears to be an exchange reaction catalysed by PtdIns synthase (Berry et al., 1983; Fischl et al., 1986) . Ptdlns synthase catalyses the reversible combination of CMPphosphatidate and inositol to give Ptdlns and CMP, as shown below:
CMP-phosphatidate + inositol Ptdlns + CMP The yeast enzyme has been purified to homogeneity and shown to function by a sequential mechanism (Fischl et al., 1986; Nikawa et al., 1987) . It efficiently catalyses both the forward and reverse reactions depicted above and will also catalyse exchange between inositol and PtdIns in the presence of CMP. By contrast, the yeast enzyme does not enhance exchange between CMP and CMP-phosphatidate in the presence of inositol, suggesting that the enzyme binds CMP-phosphatidate before inositol, and releases first Ptdlns and then CMP (Nikawa et al., 1987 (Fig. 6) . Moreover, the CMP-dependent component can be distinguished from nucleotide-independent labelling, on the basis of their distinct divalent cation and inositol requirements. Direct confirmation of the occurrence of Ptdlns synthase in turkey erythrocyte membranes was provided by exploiting the reverse reaction (Hokin-Neaverson et al., 1977) , which was able to incorporate [3H]CMP into a lipid that was identified as CMP-phosphatidate. Cubitt et al. (1990) recently showed that CMP greatly enhanced the incorporation of [3H]inositol into a hormone-insensitive pool of PtdIns in permeabilized GH3 pituitary cells. However, they interpreted their results by considering that CMP was acting by enhancing the headgroup exchange reaction, and did not consider that they were probably exploiting a mechanistic feature of Ptdlns synthase. The latter possibility would require a completely different interpretation of their results, i.e. that much of the Ptdlns synthase of GH3 cells is associated with a hormoneinsensitive pool of Ptdlns.
From the results presented in this paper, it appears that anatomically simple turkey erythrocytes possess both a Ptdlns synthase and a nucleotide-independent PtdIns/inositol base exchange enzyme. The former may be required in avian erythrocytes because they possess a purinoreceptor-stimulated phospholipase C which cleaves the phosphodiester bond in PtdIns4P and PtdIns(4,5)P2 (Harden et al., 1988; Boyer et al., 1989) . As this receptor is likely to be stimulated by circulating ATP and/or ADP during the lifetime of the erythrocyte, it may be that the Ptdlns synthase is responsible for maintaining the cellular content of the phosphoinositides. Alternatively, the receptor-stimulated phospholipase C and other enzymes of phosphoinositide metabolism may be relics oferythroid precursor cells and may serve no useful purpose in mature erythrocytes. Whatever the explanation, the occurrence of PtdIns synthase in these cells offers an ideal opportunity to extend the observations of Gershengorn and his colleagues which suggested the existence of multiple forms of PtdIns synthase, one of which appears to be present in plasma membranes (Imai & Gershengorn, 1987; Cubitt & Gershengorn, 1989) . Avian erythrocytes consist of a plasma membrane and a nucleus, with other intracellular membranes almost absent (Beam et al., 1979) , so that subcellular fractionation is relatively simple. Preliminary studies indicate that the PtdIns synthase activity in these cells is not in the nucleus and that PtdIns labelled exclusively via the synthase mechanism can be converted into polyphosphoinositides, which are substrates for the purinoreceptor-stimulated phospholipase C. These data, which will be presented in detail elsewhere, strongly suggest that the turkey erythrocyte PtdIns synthase is located in plasma membranes.
An important distinguishing feature of the plasma membrane PtdIns synthase of GH3 pituitary cells is its relatively high affinity for inositol (Km 0.06 mM) compared with its endoplasmicreticulum-located counterpart in the same cells (0.26 mM) or the enzyme from rat liver (2.5 mM), rat brain (4.6 mM) or dog pancreas (0.76 mM; Parries & HokinNeaverson, 1984; Ghalayini & Eichberg, 1985; Imai & Gershengorn, 1987 ). This in turn may lead to inhibition of PtdIns synthase by substrate limitation. Cells in which the hormone-sensitive pool of inositol phospholipids is generated by a PtdIns synthase with high affinity for inositol will be relatively protected from the inhibitory effects of the drug. By contrast, the enzyme described in rat brain, with an affinity almost 100 times lower than that of the GH3 cell plasma membrane enzyme, may be especially susceptible to inhibitory mechanisms based on inositol depletion.
The occurrence of the exchange reactions documented in this and other publications raises important questions about experimental strategies which utilize radioactive inositol labelling to study hormone-sensitive and -insensitive pools of inositol phospholipids (Michell et al., 1988) . Its relatively high affinity for CMP suggests that the exchange reaction catalysed by Ptdlns synthase may operate at a significant rate in intact cells. Exchange reactions provide a means of labelling the inositol moiety of Ptdlns independently of the turnover of the phosphodiester phosphorus. Since it is the rapid turnover of the phosphodiester phosphorus that most clearly characterizes the hormone-sensitive inositol phospholipid pool, for example in WRK-I cells (Monaco, 1982 (Monaco, , 1987 , it follows that the ability to detect such a pool by radioactive inositol labelling will depend upon the relative rates of the combined exchange processes versus the metabolic flux from diacylglycerol to Ptdlns. It may be best to defer interpretation of radiotracer inositol labelling experiments until more is known of the rates of the exchange reactions in intact cells.
